The embryonic fins and the tip of adult fins of teleost fish are supported by rows of straight, unmineralized fibrils called actinotrichia. The proximal ends of the actinotrichia are bundled and the mineralized bones called lepidotrichia are made along them. Since malformation in actinotrichia causes wavy fin bones, the correct configuration of actinotrichia is essential for the correct construction of the fin shape. Past studies suggested that two types of cells, basal keratinocytes, and mesenchymal cells involve in the formation of actinotrichia. However, the mechanism how these cells contribute is unknown. In this study, we elucidated the role of basal keratinocytes in actinotrichia formation. First, we developed the imaging tool that specifically visualizes the basal keratinocytes and actinotrichia. Then, we established the in vitro culture method of the basal keratinocytes and found that the keratinocytes developed fine needle-like structures in it. The TEM image of them showed the specific shadow pattern of actinotrichia, indicating that the fine needle-like structures are the newly made actinotrichia.
also supported by actinotrichia, which are bundled in more proximal regions of the fin rays and the lepidotrichia radially develop besides them. After the lepidotrichia are formed, the actinotrichia gradually become restricted to the distal tip of the fin rays ( Fig. 1C and Fig. 2E and 2F) (Becerra et al., 1983; Grandel and Schulte-Merker, 1998; Mari-Beffa and Murciano, 2010) . During fin regeneration, actinotrichia are also generated antecedent to the formation of lepidotrichia (Kemp and Park, 1970; Mari-Beffa et al., 1989; Santamaria and Becerra, 1991; Becerra et al., 1996; Quint et al., 2002; Akimenko et al., 2003; Smith et al., 2008; Bockelmann and Bechara, 2009; Pfefferli and Jazwinska, 2015; Thorimbert et al., 2015; Bhadra and Iovine, 2015; Konig et al., 2018) . In all cases, actinotrichia play the role of physical support of the fin tip, and look guiding the position where shape the calcified bones are made (Huang et al., 2009 ). According to the previous studies with zebrafish, the orderly arrangement of actinotrichia is necessary to correctly produce lepidotrichia because the finrays often become wavy in the mutants with defects in actinotrichia formation (Huang et al., 2009 ). Therefore, in order to understand the fin bone formation, clarifying how the actinotrichia are formed and arrayed correctly are pivotal.
Isolated actinotrichia have straight shape and tapered at both ends (Fig. 1D ). Although the size of actinotrichia varies, the maximum length is around 100μm at larval stage ( Fig.   1D ), which is much larger than the cells in the fin. Actinotrichia are detected by anti-col1 and anti-col2 antibodies, suggesting collagen1 and 2 are the major components of actinotrichia (Duran et al., 2011) . Transmission electron microscopic (TEM) images of actinotrichia showed the structural similarity with the collagen fibrils (Kemp, 1977; Geraudie and Meunier, 1980; Dane and Tucker, 1985; Wood and Thorogood, 1987; Mari-Beffa et al., 1989) . Zhang et. al. (2010) identified gene family named actinodin (and) that is assumed to contribute to the formation of actinotrichia (Zhang et al., 2010) . The and gene family consists of four homologues: and1, and2, and3 and and4 (Zhang et al., 2010) . Double morphants of and1 and and2 showed hypoplasia during actinotrichia formation in zebrafish larvae, suggesting these genes are crucial for the formation of actinotrichia (Zhang et al., 2010) .
The configuration of the cells and actinotrichia in the fins is studied in the past reports (Dane and Tucker, 1985; Wood and Thorogood, 1987) (Fig. 1E) . The tip of the zebrafish fin is composed of epidermal cell layer and mesenchymal cells. Epidermal cell layer consists of two distinct cell layers, outer peridermal cells and inner basal keratinocytes (Dane and Tucker, 1985; Wood and Thorogood, 1987; Hatzold et al., 2016) (Fig.1 E) . Previously, Lalonde et al (2016) identified cell expressing and1 using GFP (Lalonde et al., 2016) . When GFP was
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A C C E P T E D M A N U S C R I P T expressed under the control of and1 promoter (2 kb promoter), a basal layer of cells (basal keratinocytes) and mesenchymal cells locating inside of the actinotrichia array were found to express GFP (Lalonde et al., 2016) . In situ hybridization of and genes also confirmed the expression in these two types of cells (Zhang et al., 2010) . Zhang and Lalonde concluded that these cells cooperatively involve in the formation of actinotrichia (Zhang et al., 2010; Lalonde et al., 2016; Lalonde and Akimenko, 2018) . However, the detailed roles of these cells remain unknown.
The formation of actinotrichia is a dynamic phenomenon that is carried out by multiple types of cells at the growing tip of the fins. Therefore, understanding its mechanisms in vivo is quite difficult. To overcome such difficulty, a standard method is to isolate each cell type and to examine its function in a condition where other cell types do not exist. In this paper, therefore, we focused on the role of basal keratinocytes and observed the behavior of the isolated basal keratinocytes in vitro. Results of the in vitro study suggested that basal keratinocytes were able to initiate the production of actinotrichia by themselves and elongate it by generating an array of cells holding a single actinotrichium. Dane and Tucker (1985) and Wood and Thorogood (1987) .
Actinotrichia are located inside the epidermis constituted by two epidermal cell layers. Scale bar is 100μm in (A−C) and 50μm in (D).
Results

Visualization of the basal keratinocytes and the actinotrichia
First, we tried to identify the promoter region that is active only in the basal keratinocytes.
and1 gene is expressed in both basal keratinocytes and mesenchymal cells (Zhang et al., 2010) . We dissected the promoter of the and1 gene and identified a 1.4kb fragment (see Supplemental Fig. 1 ) that is specifically active only in the cell layer beneath the layer of epidermal cells. Fig. 2A −C shows the expression of GFP-CaaX (CaaX is a peptide adaptor that makes the protein stays in the membrane) driven by the keratin4 promoter and mCherryCaaX driven by 1.4kb of the and1 promoter, respectively. keratin4 is specifically expressed in the peridermal cells (Gong et al., 2002; Lee et al., 2014; Hatzold et al., 2016) . As shown in Fig. 2A −C, the 1.4kb and1 promoter was inactive in the peridermal cells. Fig. 2C shows an optical section of the fin. At the middle part of the fin where the mesenchymal cells locate, no mCherry expression was observed. These data confirmed that the expression due to 1.4kb and1 promoter was limited in basal keratinocytes.
Second, we tried to label the actinotrichia with GFP. Because the And1 protein is one of the component of the actinotrichia (Zhang et al., 2010; Thorimbert et al., 2015; Konig et al., 2018) , we fused GFP to the full-length And1 protein. However, this construct showed very faint fluorescence in actinotrichia (data not shown), suggesting that the GFP protein was inhibiting the aggregation of And1 protein to the other components of actinotrichia. Then, we dissected the coding region of the and1 gene and found the And1 The image obtained by the GFP is significantly different from that of anti-type II collagen antibodies used in the previous studies ( Fig. 2 G−I') . Firstly, the GFP image is brighter than that of antibodies. Secondly, whereas GFP can visualize the actinotrichia uniformly, the antibodies visualize only the surface of them (Fig. 2G and 2G') . Because the outline of the actinotrichia is emphasized, a thick actinotrichia looks as the narrow two lines (compare Fig. 
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A C C E P T E D M A N U S C R I P T 2G and 2H, 2G' and 2H'). Therefore, the GFP labelled actinotrichia is more suitable to observe in vivo configuration of actinotrichia than antibody staining. 
In vitro culture of basal keratinocytes
Previous studies suggested that the construction of the actinotrichia is initiated by the basal keratinocytes (Wood and Thorogood, 1987; Duran et al., 2011) . To confirm this, we isolated the basal keratinocyte from the transgenic fish expressing histone H2B-GFP which visualizes the nucleus and mCherry-CaaX expressed specifically by basal keratinocytes (Fig   3.A) . To isolate the basal keratinocytes, we first incubated the fragmented fin with trypsin to dissociate basal keratinocyte from peridermal cells and actinotrichia. Then, we agitated the fin in PBS to separate the basal keratinocytes from the extracellular matrix, and collected the dissociated basal keratinocytes by centrifugation (see method section). We used the dish coated with type IV collagen or fibronectin for the culture. (see method section for the detailed procedure).
We found an isolated single basal keratinocyte migrates quite rapidly on the dish and frequently detach from the surface of the dish ( Fig. 3B and Supplemental movie1). However, when multiple basal keratinocytes came together, they tended to form colonies (shown in Fig. 3C is a colony of 8 basal keratinocytes). Although such colonies were still mobile, the speed was much slower enough to trace the cell fate (Supplemental movie2). 
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Actinotrichia generation in cultured basal keratinocytes
After 12h in vitro culture, we selected colonies of about 10 cells, and traced them for 4 days. Shown in Fig. 4A is a colony after 53h in culture. No fiber like structure was observed in it. Shown in Fig. 4B is the same colony after 72h in culture. Some needle-like structures became visible. (Fig. 4C white arrowheads) . These structures were distinctly straight and tapered at both ends, suggesting that they were actinotrichia. Notably, their contour showed mCherry-CaaX fluorescence (Fig. 4D ), suggesting they were wrapped with the basal keratinocyte membrane (see Fig. 5 and Fig. 6 ). The number of the needle-like structures in
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A C C E P T E D M A N U S C R I P T the colonies gradually increased (Fig. 4E ). To confirm this needle-like structures were the actinotrichia, we picked up a colony of 4 cells with the needle-like structures (Fig. 4F) , and subjected it to the transmission electron microscope (TEM). As shown in Fig. 4G and H, we observed the regularly repeating parallel shadow pattern, which is very similar to that observed in the previous TEM study of actinotrichia (Montes et al., 1982; Wood and Thorogood, 1987; Mari-Beffa et al., 1989 ) Based on these structural evidences, we concluded that the newly emerged needle-like structures were newly made actinotrichia.
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in vitro holding of mature actinotrichia by the basal keratinocytes
We next observed the interaction between mature actinotrichia and the basal keratinocyte, in vitro. In this experiment, we used two reporter lines (and1:mCherry-CaaX and and1:GFPCaaX) to distinguish the cells holding the same actinotrichium (Fig. 5A) . Here, the actinotrichia were not labeled by any fluorescent proteins (We confirmed that actinotrichia expressed no auto fluorescence. See Supplemental Fig. 2) . Fig. 5B and C show that the two cells were holding a single actinotrichium. The right-upper half of the actinotrichium was labeled in green (and1:GFP-CaaX), and the bottom-left half was labeled in red (and1:mCherry-CaaX). The outline of whole actinotrichium was visible by either color, suggesting each part of the actinotrichium was enveloped by one of the basal keratinocytes.
The actinotrichium protruded from a basal keratinocyte (Fig. 5E, mCherry) , and the protrusion was enveloped 2-fold by other basal keratinocyte (Fig. 5F, GFP) . 
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Scanning electron microscopy (SEM) of cultured basal keratinocytes and the actinotrichia
Next, we observed the basal keratinocytes holding the actinotrichia via SEM ( Fig. 6A−E ).
As shown in Fig. 6 , basal keratinocytes have many filopodia at the edge of the cell, which is similar to other types of keratinocytes (Vasioukhin et al., 2000; Schafer et al., 2009; Tsang et al., 2010) . The filopodia also coil around the actinotrichia. Fig. 6A and B demonstrate that more than two cells extend their filopodia to the single actinotrichium and looks pulling on each other. Fig. 6D and E show that an actinotrichium was embedded completely inside the membrane, which was similar to what we observed in Fig. 5B −J. These data suggest that basal keratinocytes have an ability to interact strongly with actinotrichia by their membrane. 
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In vivo orientation of the basal keratinocyte membrane
Next, we tried to observe the interaction between the actinotrichia and the basal keratinocyte membrane in vivo. Here, we visualized the basal keratinocyte membrane with 1.4kb and1pro:GFP-CaaX, and the actinotrichia were not labelled by fluorescence.
Actinotrichia were visible by phase contrast microscopy ( Fig. 7B ). Fig. 7C shows the confocal image at the boundary between the layer of basal keratinocytes and the array of actinotrichia.
GFP fluorescence looked running along the actinotrichia. Since the CaaX peptides ACCEPTED MANUSCRIPT
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accumulate the GFP only in the cell membrane, this image suggests that the basal keratinocyte membrane was tightly interacting (probably enveloping) with actinotrichia observed in vitro (Fig. 5−6 ). In Fig. 7D , the focal plane was set at another face of the basal keratinocyte cell layer where the actinotrichia do not exist. Here, the fluorescent lines along the actinotrichia were hardly visible, confirming that the fluorescent horizontal lines were due to the actinotrichia (Fig. 7C) . 
Discussion
In this study, we performed the in vitro culture of the basal keratinocytes and proved that this cell type is able to initiate the actinotrichia formation by themselves. However, it is only the ACCEPTED MANUSCRIPT
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first step of the actinotrichia construction. There are many remaining questions to be addressed to understand the actinotrichia formation.
In which basal keratinocytes is the actinotrichia formation activated?
In adult fins, although basal keratinocytes exist throughout the fin, only basal keratinocytes locate at the very tip of the fins (10% or less) are involved in the formation of the actinotrichia.
Basal keratinocytes at the inner region of adult fin do not generate the actinotrichia. Some previous reports showed that and1 gene which is involved with actinotrichia formation is expressed at the basal keratinocytes in the only distal fin tip of adult zebrafish (Zhang et al., 2009; Notel et al., 2015; Thorimbert et al., 2015; Konig et al., 2018) . From this, we expect that the expression of and and the production of the actinotrichia in the basal keratinocytes is inhibited. Basal keratinocytes physically contact with mesenchymal cells and osteoblasts in the distal tip of fins. Therefore, we speculate that the interaction with mesenchymal cells or osteoblasts may involve in this inhibition. This hypothesis can be proved if co-culture of basal keratinocytes and mesenchymal cells/osteoblasts becomes possible. With the in vitro culture method, it is also possible to screen the chemical substances that contribute to this inhibition.
How is the directionality of the actinotrichia determined?
Multiple actinotrichia appeared in the cultured basal keratinocytes, however, in most cases they were not orientated in parallel. On the other hand, in vivo actinotrichia are orientated precisely in parallel. Because it should be physically difficult to align the orientation by rotating the long linear structure in the cell, we assume that the actinotrichia are need to be constructed with the correct direction in fins.
How do the actinotrichia elongate?
Because the mature actinotrichia is much longer than the size of basal keratinocytes, it cannot be made inside of a single cell. Therefore, a cooperation among multiple cells is should be required. In the in vitro culture system, we found that the basal keratinocytes are active to contact to the actinotrichia, and multiple basal keratinocytes enveloped an actinotrichium by their membrane. Previous studies using electron microscopy also reported that actinotrichia is trapped in the membrane (Wood and Thorogood, 1987; Bockelmann and Bechara, 2009) . It seems that growth of actinotrichia is possible if it is in a state in which it is contained in the membrane. In order to demonstrate this experimentally, it is necessary to confirm the growth of actinotrichia in an in vitro environment, but unfortunately, it is not successful at present. We think that further optimization of the culture conditions or co-culture with other cells is necessary.
How do the actinotrichia bundle?
At the tip of the fins, actinotrichia are very fine. However, at the more proximal region,
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actinotrichia gradually get thicker with decreasing number, suggesting the fusion of actinotrichia. This suggests that the actinotrichia bundle to make them thicker at the inner region as shown in the previous studies (Kemp, 1977; Geraudie and Meunier, 1980; Konig et al., 2018) . Electron microscopy studies have shown that the actinotrichia were folded by mesenchymal cell and not by basal keratinocytes in relatively inner region (Wood and Thorogood, 1987; Bockelmann and Bechara, 2009) . Therefore, bundling of the actinotrichia might be due to the mesenchymal. This interesting possibility will be confirmed by co-culture of the mesenchymal cells and actinotrichia.
Future directions
As mentioned above, the in vitro experimental system we reported here will be able to provide important more information on actinotrichia formation and growth in the future. For that purpose, it is necessary to improve the culture conditions and establish co-culture methods with mesenchymal cells and osteoblasts. There are many problems to achieve this, but we think that we can solve such problems by making use of various cultural techniques developed in recent years. After the actinotrichia are formed, osteoblasts migrate along the bundles of actinotrichia and secrete a bone matrix that makes the fin rays. No other cell types are found to be involved in this process. Therefore, if the above co-culture system is successful, it would be possible to reproduce bone formation in a culture dish.
Materials and methods
Fish stocks
Animal experiments were approved by the animal care and use at Osaka University.
Zebrafish were maintained under the standard laboratory conditions and were treated as previously described (Westerfield, 1995) . We used the AB strains as wild type zebrafish lines. Strains generated for this study: Tg (1. 
Microscopy
Live larvae were anesthetized in tricaine (MS-222) and their median fin folds were mounted with 1% low melting agar. The images of fins were obtained using a BZ-X710 
Immunofluorescence staining
Zebrafish larvae were fixed and stained according to Lalonde and Akimenko (2018) with primary antibodies against type II Collagen (Developmental Studies Hybridoma Bank ; II-II6B3 1:100). After the staining, samples were observed by LSM780 (Carl Zeiss) and images were analyzed by ZEN.
In vitro culture of basal keratinocyte
Basal keratinocytes were harvested from the median fin folds of 3 dpf larvae. Zebrafish larvae were anesthetized in a standard tricaine (MS-222) solution (0.4% in breeding water) and median fin folds were dissected. The dissected fins were treated with trypsin solution [2.5 mg/mL trypsin (TRL; Worthington), 1.2 mg/mL BSA (Sigma), 1 mM EDTA in PBS] for 10 min at 28 °C. After trypsin treatment, the fins were shaken with PBS for 5min at 1,000rpm at
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28 °C (repeat shaking at 3times) and the cell suspension was recovered into one centrifugation tube. Subsequently, the samples were centrifuged at 100G for 10min, and the pellet was resuspended in serum-free L15 (Gibco) medium and spread onto a collagen IVcoated or fibronectin-coated dish. After the 3hr incubation, the serum-free L15 medium was changed to the new L15 medium with 10% FBS. For the temporal observation of basal keratinocyte colonies, the samples were cultured in the culture insert (2well) on the cover glass with grid. Actinotrichia were isolated from the median fin folds of larvae by the abovementioned method and corrected in culture dishes.
Transmission electron microscopy
The cultured basal keratinocytes were fixed in 2% glutaraldehyde + 1%
paraformaldehyde at 4°C overnight. They were post-fixed with 2% osmium tetroxide for 30 min at room temperature. After post-fixation, they were stained with 1% uranyl acetate for 2hr at room temperature and with 0.02M lead nitrate in 0.03M L-aspartic acid solution for 30min at 60°C. Samples were dehydrated in increasing concentrations of Ethanol (50%, 70%, 90%, 95% and 100%), embedded in the resin mixture containing epon812, MNA, DDSA and DMP30 and polymerized in an oven for 4days at increasing stepwise temperature. Ultrathin sections (70nm) were cut in a ultramicrotome (Leica) and examined in a JEM 1010 transmission electron microscope (JEOL) at an accelerating voltage of 100 kV.
Scanning electron microscopy
Cultured basal keratinocytes were prepared as previously described (Inoue and Osatake, 1988; Ernest et al., 2007) with some modification. Briefly, they were fixed at 4°C overnight in 2% paraformaldehyde (PFA), and 2.5% glutaraldehyde (GA). After fixation, samples were dehydrated in ethanol solutions of increasing concentration (25%, 50%, 70%, 80%, 90%, 95% and 100%) and then they were frozen in t-butyl alcohol at -30°C overnight. Next day, frozen t-butyl alcohol was sublimated in the vacuum evaporator and finally dried samples were sputter coated with gold particles. Images were acquired on a HITACHI S-4800 scanning electron microscope.
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Highlights
The expression of GFP-tagged actinodin enabled to observe clearly the contour of actinotrichia in zebrafish fin.
Basal keratinocytes generate small actinotrichia fibrils by themselves in vitro.
Basal keratinocytes actively envelope actinotrichia with their membrane in vitro.
